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$%675$&7 
     A 76mm outlet diameter radial swirler with 8mm vane depth 
was investigated in a 140mm combustor diameter condensing 
20 kW ultra-low NOx boiler. Low NOx was achieved using lean 
well mixed combustion with a 0.7 equivalence ratio (Ø) 
together with the minimisation of thermal NOx formation by 
cooling the flame immediately after 99% of the heat release had 
been achieved. This was shown to be 70mm downstream of the 
radial swirler outlet. The aim was to show that small turbulent 
flame combustion systems could be applied, for more compact 
ultra-low NOx water heaters than current laminar flame heaters. 
Fuel injection was through the wall of the 76mm outlet throat, 
which good fuel and air mixing in the downstream swirling 
shear layer. Fuel and air mixing and a short flame development 
was assisted by the use of a 41mm diameter outlet orifice at the 
exit of the wall injector 76mm diameter radial swirler outlet 
passage.  A 4 mb burner pressure loss was used, which is 
typical of domestic fanned air combustion systems. The air 
inlet temperature was 400K, which is typical of reverse air flow 
cooled combustion chambers at domestic water heater 
conditions. A water cooled heat transfer coil was traversed into 
the flame to determine how close to the swirler exit the heat 
transfer could occur, without a major increase in the 
combustion inefficiency. The strong swirling flow interaction 
with the heat exchanger coil give an 89% thermal efficiency 
with the front of the coil 70mm from the swirler outlet. The 
emissions measurements showed that the combustion 
inefficiency was below 0.1%, the CO/CO2 ratio <0.001 and the 
NOx emissions were 5ppm at 0% oxygen with the heat 
exchanger at 70mm from the radial swirler outlet. This design 
easily met the 2018 EU legislation for eco-design of domestic 
water heaters. 
 
,1752'8&7,21 
,QWKH8.JDVILUHGKHDWLQJDFFRXQWVIRUDERXWRIWRWDO
12[HPLVVLRQVDWN7RQQHVRI12HPLVVLRQV>@,Q1HZ(QJODQG86$12[ IURP UHVLGHQWLDO KHDWLQJ ZDVRI WRWDO
12[ HPLVVLRQV LQ  >@ 12[ HPLVVLRQV IURP ERLOHUV DUH
UHTXLUHG WR EH UHGXFHG WR XOWUD ORZ 12[ HPLVVLRQV LQ PDQ\
DUHDV RI WKH :RUOG LQFOXGLQJ (XURSH >@ DQG WKH 86$ >@ ,Q
VRPH DUHDV RSHUDWRUV DUH UHTXLUHG WR PHHW ZKDW DUH FDOOHG
³8OWUD-/RZ 12[´ 8/1 ERLOHU UHTXLUHPHQWV W\SLFDOO\ OHVV
WKDQ-SSPDQGDV ORZDVSSPLQVRPHDUHDV >@ ,Q WKH
%D\$UHD RI &DOLIRUQLD ERLOHU 12[ HPLVVLRQV IRU QDWXUDO JDV1* DUH SSP IRU  ±  0: SSP IRU  ±  0:
GHFUHDVLQJ WR SSP IRU ! N: ERLOHUV >@7KH 6DQ -RDTXLQ
9DOOH\ 'LVWULFW RI &DOLIRUQLD KDV ZDWHU KHDWHU 12[ UHJXODWLRQIRU UHVLGHQWLDO SURSHUWLHV DIWHU 2FW VW  DW  J*- >@
FRPSDUHZLWK(8UHJXODWLRQVIRUELRPDVVERLOHUVRIJ*-
7KLVFRQYHUWVWRDQHPLVVLRQLQGH[(,RIJ12[NJIXHOXVLQJD1*&9RI0-NJIXHO 7KH(8(FRGHVLJQUHJXODWLRQV>@IRUVPDOOUHVLGHQWLDOJDV
ERLOHUVUHTXLUHV12[WREHOHVVWKDQPJ12[N:KIURPWK6HSW)RUQDWXUDOJDV1*ZLWKD&9RI0-NJWKLVLV
J12[*-DQGDQHPLVVLRQLQGH[RIJ12;.JIXHO7KLVLVYHU\ VLPLODU WR WKH 6DQ -RDTXLQ9DOOH\ 12[ UHJXODWLRQ DERYH$Q(,RIJNJFRQYHUWVWRDERXWSSPRI12[FRUUHFWHG
WR R[\JHQ RU  PJ1P7KLV LV YHU\ VLPLODU WR WKH %D\
$UHDUHJXODWLRQSI-SSPRI12[IRUN:ERLOHUV7KH(8 UHVLGHQWLDO ERLOHU 12[ UHJXODWLRQV DUH WKXV VLPLODU WR WKHXOWUD-ORZ12[HPLVVLRQV UHJXODWLRQ LQ &DOLIRUQLD7KHSUHVHQW
ZRUN GHPRQVWUDWHV D FRPSDFW UHVLGHQWLDO EXUQHU GHVLJQ ZLWK
XOWUD-ORZ 12[ HPLVVRQV RI  (, DQG SSP 12[ DW R[\JHQZHOOLQVLGHWKHUDQJHIRUXOWUD-ORZ12[HPLVVLRQV 
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8/75$/2:12;5$',$/6:,5/(5'(6,*1 1RUPDOO\ GRPHVWLF ZDWHU KHDWLQJ ERLOHUV XVH ODPLQDU
IODPH FRPEXVWLRQ V\VWHP ZLWK DQ DLU GULYHQ IDQ DW PE
SUHVVXUHORVV$FKLHYLQJORZ12[XVLQJWKLVGHVLJQLVGLIILFXOWDV ODPLQDU IODPHV GR QRW KDYH VXIILFLHQW IODPH VWDELOLW\ WR
DFKLHYHORZ12[XVLQJYHU\OHDQFRPEXVWLRQ$OWKRXJKWKHXVHRI SRURXV WXEH EXUQHUV FDQ RYHUFRPH WKLV SUREOHP 7ZR
FRPPRQPHWKRGVRI12[UHGXFWLRQZLWKODPLQDUIODPHEXUQHUVDUH IOXH JDV UHFLUFXODWLRQ DQGRU KHDW H[WUDFW IURP WKH IODPH
XVLQJ VROLG FRSSHU LQVHUWV WKDW FRQGXFW KHDW IURP WKH IODPH WR
WKH ZDWHU FRROHG KHDW H[FKDQJHU 7KH SUHVHQW ZRUN
GHPRQVWUDWHV WKDW DW PE SUHVVXUH ORVV D FRPSDFW WXUEXOHQW
IODPH ZLWK KLJK VZLUO FDQ EH XVHG WR JLYH D FRPSDFW ORZ
UHVLGHQFH WLPH ORZ 12[ EXUQHU &RPEXVWLRQ QRLVH LVSURSRUWLRQDO WR WKH SUHVVXUH ORVV DQG VR DW WKH VDPH SUHVVXUH
ORVVH[FHVVLYHQRLVHLVQRWDQWLFLSDWHG+RZHYHUQRFRPEXVWRU
QRLVHPHDVXUHPHQWVZHUHPDGH LQ WKHSUHVHQWZRUNEXW WKHUH
ZDVQRVLJQLILFDQWFRPEXVWLRQQRLVHGHWHFWHGE\HDULQWKHWHVWV 
7KH XOWUD-ORZ 12[ UDGLDO VZLUOHU GHVLJQ ZDV ILUVWGHYHORSHG IRU LQGXVWULDO JDV WXUELQH DSSOLFDWLRQV >@ XVLQJ
UDGLDO YDQH SDVVDJH IXHO LQMHFWLRQ ZLWK OHDQ ZHOO PL[HG
FRPEXVWLRQ7KLV ZDV DOVR VKRZQ WR JLYH ORZ 12[ HPLVVLRQVIRU OLTXLG IXHOV >@ ,W ZDV DOVR VKRZQ WKDW IXHO LQMHFWLRQ
WKURXJKWKHUDGLDOVZLUOHURXWOHWGXFWZDOO>@DOVRJDYHJRRG
IXHODQGDLUPL[LQJZLWKYHU\ORZ12[HPLVVLRQVZKLFKZHUH
DV ORZDV WKRVH IRU YDQHSDVVDJH LQMHFWLRQ7KLV PRGHRI IXHO
LQMHFWLRQZDVXVHGLQWKHSUHVHQWZRUNDVVKRZQLQ)LJ7KH 
 GHVLJQRIWKHUDGLDOSDVVDJHZDVVKRZQ>@QRWWREHRIFULWLFDO
LPSRUWDQFHDQGWKHRULJLQDOFXUYHGSDVVDJHGHVLJQKDGVLPLODU 
12[UHVXOWVWRUHFWDQJXODURUFLUFXODUIL[HGDUHDUDGLDOSDVVDJHV7KHILUVW LQGXVWULDODSSOLFDWLRQRI WKLV ORZ12[GHVLJQPHWKRG>@ XVHG DHURG\QDPLF FRQYHUJLQJ SDVVDJH UDGLDO VZLUOHUV
ZKLFK$ONDELH HW DO >@KDG VKRZQ WRJLYH VLPLODU UHVXOWV WR
WKHRWKHUYDQHSDVVDJHGHVLJQV7KH VHFRQGDSSOLFDWLRQRI WKH
UDGLDOSDVVDJHIXHOLQMHFWRQGHVLJQXVHGUHFWDQJXODUUDGLDOYDQH
SDVVDJHV ZLWK IXHO LQMHFWLRQ WKURXJK WKH SDVVDJH ZDOO >@
6LQFH WKHQRWKHU LQGXVWULDO JDV WXUELQHFRPSDQLHVKDYHXVHG
UDGLDO VZLUOHUV ZLWK YDQH SDVVDJH IXHO LQMHFWLRQ WR DFKLHYH
XOWUD-ORZ 12[ HPLVVLRQV $QGUHZV HW DO >@ DGYRFDWHGLPSLQJHPHQW UHJHQHUDWLYH FRROLQJ RI WKH EDFNVLGH RI WKH
FRPEXVWRU ZLWK WKH FRROLQJ DLU IORZLQJ LQWR WKH UDGLDO VZLUOHU
YDQH SDVVDJHV 7KH ILUVW LQGXVWULDO DSSOLFDWLRQ RI WKLV FRQFHSW
ZDVE\$JERQ]LNLORHWDO >@XVLQJUHFWDQJXODUYDQHSDVVDJH
IXHO LQMHFWLRQDQG LPSLQJHPHQWEDFNVLGHFRROLQJ7KLV W\SHRI
LPSLQJHPHQW UHJHQHUDWLYH EDFNVLGH FRROLQJ KDV EHHQ
LQYHVWLJDWHG H[SHULPHQWDOO\ DQGXVLQJ&)'SUHGLFWLRQVE\(O-
-XPPDLKHWDO>@ 
7KHXOWUD-ORZ12[ UDGLDO VZLUOHU DQG FRPEXVWRUGHVLJQ LVVKRZQ LQ )LJ  ,W XVHG  FXUYHG SDVVDJH UDGLDO VZLUOHUV >@
ZLWK PP YDQH GHSWK )XHO LQMHFWLRQ ZDV YLD  HTXLVSDFHG
PP KROHV LQ WKH ZDOO RI WKH PP GLDPHWHU UDGLDO VZLUOHU
RXWOHW7KHORZDLUIORZUDWHVXVHGDWWKHORZWKHUPDOSRZHUVRI
N:ERLOHUVZDVXWLOL]HGWRJHQHUDWHWKHPDLQSUHVVXUHORVVDW
WKHUDGLDOVZLUOHUH[LWGXFWRXWOHWXVLQJDPPGLDPHWHURXWOHW
RULILFH7KLVKDVEHHQVKRZQSUHYLRXVO\>@IRUD[LDOVZLUOHUV
WR JLYH EHQHILFLDOO\ HIIHFWV RQ 12[ HPLVVLRQV DV LW LQFUHDVHGWKH VL]HRI WKHRXWHU UHFLUFXODWLRQ]RQH7KHGLVWDQFH IURP WKH
UHDU ZDOO RI WKH UDGLDO VZLUOHU DQG WKH RULILFH SODWH RXWOHW ZDV
PPDQGWKLVJDYHDQXSVWUHDPIXHODQGDLUPL[LQJVSDFHWKDW
OHG WRFORVH WRSUHPL[HG IXHODQGDLU ORZ12[ HPLVVLRQV7KHIODPHZDV LJQLWHGXVLQJDZDOOPRXQWHG-VXUIDFHGLVFKDUJH
LJQLWRUPRXQWHGPPGRZQVWUHDPRIWKHUDGLDOVZLUOHURULILFH
RXWOHWSODQH 
 
5$',$/6:,5/(5$(52'<1$0,&6 
7KH DHURG\QDPLFV RI WKH UDGLDO VZLUOHU ZHUH LQYHVWLJDWHG
XVLQJFRQYHQWLRQDON-İWXUEXOHQFHPRGHOOLQJDQGWKH)/8(17
&)'FRGH7KHUHVXOWVIRUWKHD[LDOYHORFLW\SURILOHVDUHVKRZQ 
 )LJXUH3UHGLFWHGD[LDOYHORFLW\SURILOHVIRUWKHUDGLDOVZLUOHU
ZLWKDQGZLWKRXWWKHPPGLDPHWHUSDVVDJHH[LWRULILFH 
Figure 1: Radial swirler and combustor  geometry 
    
 )LJXUH 3UHGLFWHG WXUEXOHQFHNLQHWLF HQHUJ\7.(PV IRU
WKHUDGLDOVZLUOHUZLWKDQGZLWKRXWWKHPPGLDPHWHUSDVVDJH
H[LWRULILFHRIPPGLDPHWHU 
 
LQ )LJ  IRU WKH UDGLDO VZLUOHU ZLWK DQG ZLWKRXW WKH RXWOHW
RULILFH7KHSUHGLFWLRQV ZHUH FDUULHGRXW DW D WHVW FRQGLWLRQRI
. ZLWK D SUHVVXUH ORVV RI  PE 7KLV JLYH D KLJKHU IORZ
YHORFLW\ ZLWKRXW WKH H[LW RULILFH DQG KHQFH WKH PHDQ YHORFLW\
ZDV KLJKHU 7KH PHDQ PP GLDPHWHU FRPEXVWRU YHORFLW\
ZLWKWKHPPH[LWRULILFHZDVPV 
7KHSHDNYHORFLW\DWWKHH[LWSODQHZDVSUHGLFWHGLQ)LJ
WR EH  PV ZLWK WKH UDGLDO VZLUOHU RXWOHW RULILFH DQG  PV
ZLWKRXW WKH RULILFH SODWH 7KH KLJKHU VKHDU YHORFLW\ ZLWK WKH
PPRXWOHWRULILFHSURGXFHGJUHDWHU VKHDUDQGKLJKHUNLQHWLF
HQHUJ\RIWXUEXOHQFH7.(DVVKRZQLQ)LJ7KH7.(ZDV 
PXFK PRUH VSDWLDOO\ FRQFHQWUDWHG GRZQVWUHDP RI WKH UDGLDO
VZLUOHUSDVVDJHRULILFHRXWOHWDQGWKHSHDN7.(ZDVGRXEOHWKDW
ZLWKRXWWKHH[LWRULILFHSODWH7KLVKLJKHU7.(SURGXFHGEHWWHU
IXHODQGDLUPL[LQJDQGORZHU12[HPLVVLRQV 
 
 
 
(;3(5,0(17$/7(&+1,48(6 
7KH WHVW ULJ LV VKRZQ LQ )LJ  DQG WKH FRPEXVWRU ZDV
PPGLDPHWHUDQGPPORQJZKLFKZDVWKHOHQJWKXVHG
LQJDVWXUELQHFRPEXVWRUORZ12[UHVHDUFK7KHGHWHUPLQDWLRQRI WKH PLQLPXP OHQJWK IRU VPDOO  N: EXUQHU DSSOLFDWLRQV
ZDVWKHREMHFWLYHRIWKHSUHVHQWZRUN7KHRXWVLGHZDOORIWKH
FRPEXVWRUZDVXQFRROHGRWKHU WKDQ E\QDWXUDOFRQYHFWLRQ DQG
UDGLDWLRQKHDWORVVHV 
7KHZDWHUKHDWH[FKDQJHUZDVPDGHRIDVSLUDORIPP
2'VWHHOWXELQJLQWKHIRUPRIDFRLOZLWKDIODWHQGWRWKHFRLO
DQG WHQ ORRSVRI WKHFRLORQ DFHQWHU-OLQHRIPPGLDPHWHU
7KLVSODFHGWKHZDWHUFRROHGWXEHVLQWKHRXWHUVZLUO IORZDQG
RQO\ WKH IHHG-ZDWHU OLQHSDVVHGGRZQ WKH FHQWUDO UHFLUFXODWLRQ
]RQHRIWKHIODPH7KLVKHDWH[FKDQJHUZDVPRXQWHGVRWKDW LW
FRXOGEHWUDYHUVHGWRZDUGVWKHUDGLDOVZLUOHURXWOHWVRDVWRYDU\
WKHGLVWDQFHRIWKHIODPHWRWKHTXHQFKUHJLRQ7KHZDWHUIORZ
UDWH ZDV GHWHUPLQHG XVLQJ D YDULDEOH DUHD IORZ PHWHU DQG WKH
WHPSHUDWXUH ULVH GHWHUPLQHG XVLQJ 7\SH . PLQHUDO LQVXODWHG
WKHUPRFRXSOHV 7KLVHQDEOHG WKHKHDW WUDQVIHUUHG WR WKHZDWHU
WREHGHWHUPLQHGLQN:7KHWHVWVZHUHFDUULHGDWN:RIKHDW
RXWSXW 
7KH HPLVVLRQV ZHUH PHDVXUHG XVLQJ D ZDWHU FRROHG JDV
VDPSOHUPPGRZQVWUHDPRIWKHUDGLDOVZLUOHURXWOHWRULILFH
DQGGRZQVWUHDPRIWKHKHDWH[FKDQJHUFRLO7KHGLVWDQFHWRWKH
KHDW H[FKDQJHU TXHQFK SRVLWLRQ ZDV YDULDEOH E\ PRYLQJ WKH
ZKROHKHDWH[FKDQJHUFRLO7KHPHDQHPLVVLRQVZHUHREWDLQHG
XVLQJDKROHµ;¶VDPSOHSUREHZLWKKROHVRQFHQWHUVRIHTXDO
DUHD PP IURP WKH UDGLDO VZLUOHU RULILFH RXWOHW SODQH 7KH
H[KDXVW JDVHV ZHUH SDVVHG WR WKH JDV DQDO\VLV V\VWHP YLD D
KHDWHG VDPSOH OLQH KHDWHG ILOWHU DQG SXPS VR WKDW 7+& DQG
12[ ZHUH PHDVXUHG KRW 7KH JDV VDPSOH IRU 1',5 &2 &2DQG2DQDO\VLVZDVSDVVHGWKURXJKDR&FRROHUWKDWDFKLHYHGJDV VDPSOH ZDWHU FRQGHQVDWLRQ VR WKDW WKHVH JDVHV ZHUH
PHDVXUHGGU\7KHPHDVXUHG12[DQG7+&ZHUHFRQYHUWHGWRDGU\ EDVLV DV XVHG LQ VPDOO ERLOHU HPLVVLRQV UHJXODWLRQV E\
FRUUHFWHGDIWHUWKHWHVWV7KHJDVDQDO\VLVZDVXVHGWRGHWHUPLQH
WKHFRPEXVWLRQHTXLYDOHQFHUDWLRE\FDUERQEDODQFH 
12[HPLVVLRQVZHUHPHDVXUHGXVLQJDFKHPLOXPLQHVFHQFH12[DQDO\VHU7KLVKDGDFRQYHUWHUWRFRQYHUW12LQWR12DQGWKLV ZDV XVHG WR GHWHUPLQH WKH 1212 UDWLR &2 DQG &2HPLVVLRQV ZHUH GHWHUPLQHG XVLQJ 1',5 DQG XQEXUQHGK\GURFDUERQV ZHUH GHWHUPLQHG XVLQJ D IODPH LRQL]DWLRQ
GHWHFWRU),' 
 
(;3(5,0(17$/7(67&21',7,216 
7KHFRPEXVWLRQDLUZDVHOHFWULFDOO\SUHKHDWHGWR.DV
WKLV LV UHSUHVHQWDWLYH RI WKH WHPSHUDWXUH DFKLHYHG XVLQJ
EDFNVLGH UHYHUVH IORZFRROLQJRI WKHFRPEXVWRU5HYHUVH IORZ
FRROLQJRIWKHFRPEXVWRUZDVQRWXVHGLQWKHH[SHULPHQWVEXW
LW ZRXOG EH XVHG LQ DSSOLFDWLRQV RI WKLV XOWUD-ORZ 12[ EXUQHUFRQFHSWLQDGRPHVWLFZDWHUKHDWLQJERLOHU 
7KHDLUDQGIXHOIORZZDVVHWWRDFKLHYHDHTXLYDOHQFH
UDWLR ZLWK DQ DLU IORZ SUHVVXUH ORVV RI PE DFURVV WKH UDGLDO
VZLUOHU DQG D IXHO WKHUPDO LQSXW RI  N:7KLV ZDV D KHDW
UHOHDVH UDWH RI  0:P ZKLFK LV YHU\ KLJK IRU GRPHVWLF
ZDWHUKHDWHUVDQGDVDFRQVHTXHQFHJLYHVDYHU\FRPSDFWZDWHU
KHDWHU7KHPPGLDPHWHURULILFHVZLUOHURXWOHWZDVGHVLJQHG
WRDFKLHYHPESUHVVXUH ORVVZKLFK LV W\SLFDORIPRGHUQ IDQ
GULYHQFRPSDFWUHVLGHQWLDOZDWHUKHDWHUV,QUHODWHGZRUNORZHU
SUHVVXUH ORVVHV ZHUH LQYHVWLJDWHG EXW QRW LQ WHUPV RI WKH
PLQLPXP GLVWDQFH IRU WKH KHDW H[FKDQJHU ORFDWLRQ 7KH PE
SUHVVXUHORVVJHQHUDWHGWKHKLJKHVW7.(IRUIXHODQGDLUPL[LQJ
DQG IODPH VWDELOL]DWLRQ $W ORZHU SUHVVXUH ORVV WKH 12[
HPLVVLRQVZHUHKLJKHUEXWWKHLQFUHDVHZDVQRWODUJH 
7KH  HTXLYDOHQFH UDWLR  ZDV FKRVHQ WR DFKLHYH ORZ
12[ IRU ZHOO PL[HG FRPEXVWLRQ DV WKH DGLDEDWLF IODPH
WHPSHUDWXUHDW.DLUWHPSHUDWXUHZDV.ZKLFKLVMXVW
DERYHWKHRQVHWRIWKHUPDO12[IRUPDWLRQ>@7KHXVHRIOHDQ
PL[WXUHVRUKLJKH[FHVVDLU±DWIRUORZ12[XVHGWREHDVVRFLDWHGZLWKDSRRUWKHUPDOHIILFLHQF\7KLVZDVGXHWR
WKHLQFUHDVHLQWKHKHDWUHMHFWHGLQWKHIOXHFDXVHGE\WKHKLJKHU
DLU IORZ UHTXLUHG IRU OHDQ FRPEXVWLRQ ZLWK WKH VDPH WKHUPDO
HQHUJ\ LQSXW DV IRU H[FHVV DLU FRPEXVWLRQ+RZHYHUZLWK
WKHDGYHQWRIFRQGHQVLQJERLOHUVZKLFKJLYH ORZ WHPSHUDWXUHV
LQWKHIOXHWKHLPSDFWRIKLJKH[FHVVDLURQWKHUPDOHIILFLHQF\
LVPXFKORZHUDQGPRVWORZ12[EXUQHUV IRUGRPHVWLFFHQWUDOKHDWLQJFRQGHQVLQJERLOHUVXVHOHDQORZ12[FRPEXVWLRQ 
70mm 
    
/RZHU 12[ FRXOG EH DFKLHYHG E\ RSHUDWLQJ DW OHDQHUPL[WXUHV ZLWK ORZHU DGLDEDWLF IODPH WHPSHUDWXUHV
$OWHUQDWLYHO\ SRZHU RXWSXW PRGXODWLRQ FRXOG EH DFKLHYHG E\
UHGXFLQJWKHIXHOIORZWRUHGXFHWKHIODPHWHPSHUDWXUH,QZRUN
IRU JDV WXUELQH DSSOLFDWLRQV XVLQJ UDGLDO VZLUOHUV LW KDV EHHQ
VKRZQ WKDW WKH ORZHVW 12[ FRPEXVWRUV XVH OHDQ ZHOO PL[HG
FRPEXVWLRQDQGKDYH12[HPLVVLRQVRISSPFRUUHFWHGWRR[\JHQDWN>@7KLVFRQYHUWV WRSSPDWR[\JHQ
DQGWKHSUHVHQWZRUNZLOOVKRZ12[HPLVVLRQVRISSPDWR[\JHQ7KHORZHU12[LVGXHWRWKHUHGXFHGUHVLGHQFHWLPHDWWKH IODPH WHPSHUDWXUH ZLWK WKH ZDWHU TXHQFK DW WKH SRVLWLRQ
MXVWDIWHUWKHFRPSOHWLRQRIFRPEXVWLRQ7KXVWKHUHLVPLQLPDO
UHVLGHQFH WLPH DW WKH IODPH WHPSHUDWXUH DV WKHUPDO 12[
IRUPDWLRQ LV KDOWHG DV VRRQ DV WKH ZDWHU TXHQFK UHGXFHV WKH
IODPHWHPSHUDWXUH 
7+(50$/()),&,(1&< 
7KH KHDW H[WUDFWHG LQWR WKH VWDLQOHVV VWHHO ZDWHU FRROLQJ
FRLOLVVKRZQDVDIXQFWLRQRIWKHGLVWDQFHRIWKHFRLOIURPWKH
UDGLDOVZLUOHURULILFHRXWOHWLQ)LJDQGDVDWKHUPDOHIILFLHQF\
LQ)LJ7KHUHZDVDYHU\VWURQJLQIOXHQFHRIKHDWWUDQVIHURQ
WKHD[LDOSRVLWLRQRIWKHKHDWH[FKDQJHU7KHSHDNKHDWWUDQVIHU
DQG WKHUPDO HIILFLHQF\ ZDV  DW PP IURP WKH VZLUOHU
RULILFH SODWH RXWOHW DQG ZDV YHU\ FULWLFDO WR WKLV ORFDWLRQ DV
PPHLWKHUVLGHRIWKLVWKHWKHUPDOHIILFLHQF\IHOOIURPWR
- 7KH  SHDN WKHUPDO HIILFLHQF\ PHHWV WKH 8.
UHTXLUHPHQW IRU GRPHVWLF ZDWHU KHDWLQJERLOHUV RI D PLQLPXP
WKHUPDOHIILFLHQF\>@7KHWXUEXOHQWFRPEXVWLRQV\VWHP
LV DOVR VLJQLILFDQWO\ PRUH FRPSDFW WKDQ FXUUHQW ODPLQDU IODPH
W\SH ERLOHU V\VWHPV ZLWK D FRPEXVWLRQ FKDPEHU DQG KHDW
H[FKDQJHUWKDWZRXOGILWLQDPP2'F\OLQGHUPPORQJ
FRPSOHWHZLWKPPWKLFNH[WHUQDOZDOOLQVXODWLRQ 
7KH PP ORFDWLRQ LV PDUNHG RQ WKH7.( SUHGLFWLRQV LQ
)LJ7KLVVKRZVWKDWWKHSHDNKHDWWUDQVIHURFFXUVLQDUHJLRQ
RI KLJK WXUEXOHQFH MXVW DIWHU WKH IODPH GHYHORSPHQW LQ WKH
UHJLRQRIWKHSHDNWXUEXOHQFHZKLFKRFFXUVDWPPIURPWKH
UDGLDOVZLUOHURULILFHRXWOHW7KHWHVWULJZDVLQVWUXPHQWHGZLWK
ZDOOWKHUPRFRXSOHVDQGLQWKHDEVHQFHRIWKHZDWHUFRROLQJFRLO
WKHVHVKRZHGWKDWWKHZDOOWHPSHUDWXUHPPIURPWKHUDGLDO 
 )LJXUH:DWHUFRLOKHDWRXWSXWDVDIXQFWLRQRIWKHGLVWDQFHRI
WKHIURQWRIWKHFRLOIURPWKHPPUDGLDOVZLUOHURXWOHWRULILFH 
 )LJXUH  7KHUPDO HIILFLHQF\ RI WKH KHDW H[FKDQJHU DV D
IXQFWLRQ RI WKH GLVWDQFH IURP WKH PP RULILFH UDGLDO VZLUOHU
RXWOHW 
 
VZLUOHURXWOHWZDV.DQGWKLV LQFUHDVHGWR.DWPP
ZLWK . DW PP DQG WKHQ JUDGXDOO\ UHGXFHG WR . DW
PP GXH WR H[WHUQDO KHDW ORVVHV 7KHVH ZDOO WHPSHUDWXUH
PHDVXUHPHQWV LQGLFDWH WKDW WKHJDVVLGH WHPSHUDWXUHZDVDW LWV
SHDN DW WKH PP SRVLWLRQ DQG WKLV ]RQH RI KLJK WHPSHUDWXUH
H[WHQGHGWRWKHPPSRVLWLRQRIWKHPD[LPXPKHDWWUDQVIHU,W
ZLOOEHVKRZQLQ WKHFRPEXVWLRQHIILFLHQF\UHVXOWVEHORZ WKDW
FRPEXVWLRQ ZDVFRPSOHWH DW WKHPPSRVLWLRQ7KXV
WKH SHDN WKHUPDO HIILFLHQF\ RFFXUUHG IRU WKH KHDW H[FKDQJHU
ORFDWHGZKHUHWKHKHDWUHOHDVHZDVFRPSOHWHDQGWKH7.(ZDV
KLJK7KLVGHPRQVWUDWHV WKHFULWLFDO LPSRUWDQFHRI WKH ORFDWLRQ
RI WKH ZDWHU KHDW H[FKDQJHU IRU WKH DFKLHYHPHQW RI D KLJK
WKHUPDOHIILFLHQF\ 
 
:($.(;7,1&7,21 
7KHZHDNH[WLQFWLRQRI WKH IODPHDW WKH WHVWFRQGLWLRQVRI
.DQGPESUHVVXUHORVVZDVGHWHUPLQHGDV7KLVLVD
YHU\VWDEOHIODPHDQGWKLVZHDNH[WLQFWLRQLVFORVHWRWKH 
 
Figure 6: Influence of the distance to the heat exchanger 
quench zone on CO%, CO/CO2 and combustion inefficiency%. 
    
 
Figure 7: Unburned hydrocarbons (UHC) ppmC1 as a function 
of the distance to the heat exchanger quench zone 
 
 
Figure 8: NOx emissions on a dry basis as a function of the 
distance to the heat exchanger quench zone 
 
 
Figure 9: NO2/NO ratio as a function of the distance to the heat 
exchanger quench zone. 
 
IXQGDPHQWDO IODPPDELOLW\ OLPLWV IRU PHWKDQH-DLU ZKHUH WKH
FULWLFDOIODPHWHPSHUDWXUHLV.±.>@$W.WKLV
LV±DQGVRWKHREVHUYHGZHDNH[WLQFWLRQLVFORVHWRWKH
IXQGDPHQWDOIODPPDELOLW\OLPLW7KLVKDVEHHQVKRZQ>@WREH
DNH\UHTXLUHPHQWIRUOHDQORZ12[FRPEXVWLRQIRUJDVWXUELQHDSSOLFDWLRQV DQG WKLV ZRUN VKRZV WKDW LW LV DOVR D NH\
UHTXLUHPHQWIRUGRPHVWLFZDWHUKHDWLQJORZ12[FRPEXVWLRQ 7KHJRRGZHDNH[WLQFWLRQVKRZVWKDWWKHUPDOSRZHUFRXOG
EHPRGXODWHGIURPWRRUWKHWKHUPDORXWSXWUHGXFHG
IURPN:WRN:SXUHO\RQWKHIXHOIORZ)XUWKHUUHGXFWLRQ
LQSRZHUFRXOGEHPDGHE\UHGXFLQJWKHDLUIORZZKLFKZRXOG
DOVRUHGXFHWKHSUHVVXUHORVV,QDVVRFLDWHGZRUNWKHUHGXFWLRQ
LQ WKH DLU IORZ KDV EHHQ VKRZQ WR RFFXU ZLWKRXW D PDMRU
FRPEXVWLRQRU12[SUREOHPIRUSUHVVXUH ORVVHVGRZQWRPE7KLV SUHVVXUH ORVV FKDQJH LV DQ DLU IORZ UHGXFWLRQ RI 
ZKLFKZRXOG WDNH WKHPLQLPXPWKHUPDORXWSXW WRN:7KXV
WKH GHVLJQ FRXOG DFW DV D PRGXODWHG KHDW RXWSXW ZDWHU KHDWHU
ZLWKQRFKDQJHLQWKHIODPHVWDELOL]HUJHRPHWU\ 
 
EMISSIONS AS A FUNCTION OF DISTANCE TO THE 
HEAT EXCHANGER QUENCH  ZONE 
The CO emissions are shown in Fig. 6 as a function of the 
distance to the water cooled heat exchanger. This shows that at 
the 70mm position, for the optimum thermal efficiency, the CO 
was 0.02% and the CO/CO2 ratio was 0.002. These are both 
well inside the UK recommended values [21] of 0.1% CO and 
0.02 CO/CO2. Fig. 6 shows that CO and CO/CO2 levels 1/10 of 
those at the 70mm position could be achieved if a greater 
distance to the water quench zone was used. This is undesirable 
due to the reduction in thermal efficiency that occurs when the 
heat exchanger is moved out of the high turbulence zone. 
The THC emissions are shown as a function of the distance 
to the heat exchanger in Fig. 7. This shows that at the 70mm 
position the THC was 80ppm. There are no THC emissions 
regulations for domestic water boilers, apart from those of 
thermal efficiency. The THC emissions are an energy loss of 
unreacted fuel and hence influence the thermal efficiency. The 
combined CO and THC energy loss is shown in Fig. 6 as the 
combustion inefficiency. At the 70mm burner to heat exchanger 
separation distance this 0.15%, which is a negligible 
contributor to the loss in thermal efficiency. As shown in Figs. 
6 and 7, much lower CO and THC emissions could be achieved 
for a greater separation distance. 
The NOx emissions are shown in Fig. 8 as a function of the 
radial swirler outlet to heat exchange separation. This shows 
that at the 70mm optimum position of the heat exchanger the 
NOx emissions were 5ppm at 0% oxygen and 0.17 g/kg.  If the 
distance was increased the NOx increased to 7ppm at 0% 
oxygen or 0.25 g/kg. These are incredibly low NOx emissions 
and are below equivalent gas turbine combustor conditions. The 
lowest published NOx for 1900K flame temperature at gas 
turbine combustor conditions are about 10ppm at 0% oxygen or 
3ppm at 15% oxygen [18]. The present 5ppm NOx emissions 
are 1/5 of the EU requirement for domestic water heating from 
2018 [4] and ¼ of the San Joaquin Valley District of California 
NOx regulations for 2018 [7].  
    
A key reason for these ultra-low NOx emissions is the 
cooling of the flame as soon as the heat release was complete, 
so that there was minimal residence time at the 1970K adiabatic 
flame temperature. The importance of this is shown by the 
emissions results for the combustor with no heat extraction and 
a 330mm combustor length. For the present geometry, 4mb 
pressure loss, 400K inlet temperature and 0.7Ø the NOx 
emissions were 25ppm at 0% oxygen or 0.6 g/kg. These are still 
low NOx emissions but now only just meet the 2018 EU [4] and 
San Joaquin Valley District of California NOx regulations [7] of 
0.7 g/kg and 27ppm at 0% oxygen. The increase in NOx was 
due to the thermal NOx generation over the 260mm distance at 
close to the adiabatic temperature. The location of the heat 
exchanger relative to the radial swirler orifice plate exit plane is 
thus crucial in the achievement of the present ultra-low NOx 
emissions combined with low CO and UHC emissions. 
The major problem with NOx emissions is that they react in 
the atmosphere to form NO2 which is harmful to humans as it 
reduces the lung function. Emissions of NO2 directly from 
combustion systems is thus undesirable. The NO2 emissions as 
a fraction of the NO emissions are shown in Fig. 9, as a 
function of the distance from the radial swirler orifice plate 
outlet plane. At the 70mm optimum location of the water heat 
exchanger the NO2/NO ratio was 0.87, which is 0.47 NO2/NOx. 
The direct conversion of NO to NO2 occurs in flame reaction 
zones through the NO + HO2 = NO2 + OH reaction. The HO2 
radical occurs in the flame reaction zone at relatively low flame 
temperatures of around 1500K [22] and this occurs upstream of 
the 70mm optimum heat exchanger location. This is why the 
NO2 conversion increases at the 50mm heat exchanger location 
in Fig. 9. NO2 decreases as the heat exchanger is moved 
downstream as the reaction zone remains hotter for longer and 
HO2 formation of NO2 from NO declines. 
&21&/86,216 
7KH(8DQG6DQ-RDTXLQ9DOOH\'LVWULFWRI&DOLIRUQLD
12[UHJXODWLRQVIRUGRPHVWLFJDVILUHGZDWHUKHDWHUVRIPJ12[N:KDQGJ*-UHVSHFWLYHO\FRQYHUWWRJNJDQGSSP12[DW2[\JHQ7KHVH12[HPLVVLRQVZHUHVKRZQWREH HDVLO\ DFKLHYHG ZLWK WKH SURSRVHG UDGLDO VZLUOHU IODPH
VWDELOLVHUGHVLJQDQGDZDWHUKHDWH[FKDQJHUSRVLWLRQHGPP
IURP WKH UDGLDO VZLUOHU RXWOHW SODQH 7KHVH UHVXOWV ZHUH IRU
. LQOHW WHPSHUDWXUH DW  ZKHUH WKH DGLDEDWLF IODPH
WHPSHUDWXUH ZDV . DQG WKHUPDO 12[ IRUPDWLRQ ZDVVLJQLILFDQW 7KH 12[ IRUPDWLRQ ZDV OLPLWHG E\ WKH KHDWH[FKDQJHU FRROLQJ WKH FRPEXVWLRQ DQG ORZHULQJ WKH IODPH
WHPSHUDWXUH MXVW DIWHU WKH KHDW UHOHDVH ZDV FRPSOHWHG 7KLV
JDYHDPLQLPDO UHVLGHQFH WLPHDW WKH. WHPSHUDWXUH7KH
&2 DQG 7+& HPLVVLRQV ZHUH DOVR YHU\ ORZ DW WKLV ORZ 12[FRQGLWLRQ 
$ PP RXWOHW GLDPHWHU UDGLDO VZLUOHU ZLWK PP YDQH
GHSWK ZDV XVHG ZLWK IXHO LQMHFWLRQ WKURXJK WKH VZLUOHU RXWOHW
GXFWZDOOXVLQJPPHTXLVSDFHGIXHOLQMHFWLRQKROHVRQHIRU
HDFK UDGLDO VZLUOHU YDQH SDVVDJH 7KH VZLUOHU RXWOHW GXFW ZDV
PP ORQJ IURP WKH EDFN IDFH RI WKH UDGLDO VZLUOHU $W WKH
RXWOHWRIWKHPPGXFWDPPGLDPHWHURULILFHZDVSODFHWKDW
FRQWUROOHG WKH SUHVVXUH ORVV WR PE 7KH H[SDQVLRQ RI WKH
VZLUOHU IORZ IURP WKH PP RXWOHW GLDPHWHU WR WKH PP
FRPEXVWRU GLDPHWHU ZDV VKRZQ WR JLYH KLJK WXUEXOHQFH
FRQFHQWUDWHGFORVHWRWKHPPRULILFHSODWHRXWOHW7KHPP
ORQJ PP GLDPHWHU FDYLW\ XSVWUHDP RI WKH PP GLDPHWHU
RXWOHWRULILFHJDYHJRRGPL[LQJRIWKHFDYLW\ZDOOLQMHFWHGIXHO
ZLWKWKHVZLUOLQJDLUIORZ7KHJHRPHWU\JDYHYHU\VWDEOHTXLHW
FRPEXVWLRQ ZLWK D YHU\ VKRUW IODPH GHYHORSPHQW OHQJWK RI
PP 
7KH SRVLWLRQLQJ RI WKH PP 2' VWDLQOHVV VWHHO ZDWHU
KHDWLQJFRLODW WKHPPD[LDOSRVLWLRQZDVVKRZQ WRJLYHDQ
WKHUPDOHIILFLHQF\DQGDZDWHUWKHUPDOKHDWORDGRIN:
7KH SRVLWLRQLQJ RI WKH KHDW H[FKDQJHU ZDV FULWLFDO DV LW ZDV
ORFDWHG LQ WKH KLJKO\ VZLUOLQJ IORZ LQ D UHJLRQ RI KLJK
WXUEXOHQFH )XUWKHU GRZQVWUHDP WKH WKHUPDO HIILFLHQF\ ZDV
PXFK ORZHU DV WKH JDV VLGH VZLUO YHORFLWLHV DQG WXUEXOHQFH
OHYHOV ZHUH ORZHU 2YHUDOO WKH GHVLJQ JDYH D YHU\ FRPSDFW
FRPEXVWLRQV\VWHPZLWKXOWUD-ORZ12[HPLVVLRQV 
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